The origin of low-volume, hotspot-like volcanism often observed in continental rift areas is debated, as is the nature of the flow in the mantle beneath. In this paper we assemble seismic constraints on the mantle flow below the Baikal Rift Zone. We combine new evidence from upper-mantle tomography and from a radially anisotropic shear-velocity profile measured beneath and SE of the rift with published shear-wave-splitting constraints on azimuthal anisotropy. Fast directions of azimuthal anisotropy are perpendicular to the rift on both of its sides. Stable Siberian-Platform lithosphere on the northern side extends down to 200 km; on the southern side, the lithosphere is only 60-70 km thick. This asymmetry, with the thick cratonic root forming a barrier to convective flow, inhibits a mid-ocean-ridge-like flow pattern. The radially anisotropic profile yields evidence for horizontal flow in the upper asthenosphere (60-100 km) SE of the rift but no evidence for vertical flow. These results are consistent with horizontal asthenospheric flow NW to SE perpendicular to the rift, from beneath the thick Siberian towards the thin Baikal-Mongolian lithosphere. When asthenosphere ascends from the 200-km depth beneath the craton to shallower depths beneath the rift, decompression melting of embedded veins of enriched rock can produce the hotspot-like basaltic volcanism observed. The occurrence of such veins of enriched mantle in sub-cratonic asthenosphere has been predicted by geochemical mantle models; we propose that sub-horizontal asthenospheric flow from beneath cratons is a common cause for hotspot-like volcanism in continental rift zones.
Introduction
Rifting within continents is often accompanied by eruption of basalts that are-similarly to ocean-island basalts (OIB)-enriched in incompatible elements compared to mid-ocean ridge basalts (MORB) [1] [2] [3] [4] [5] [6] [7] . Hot convection plumes rising from the deep mantle have been invoked to account for the rapid emplacement of flood basalts near rifts [8, 9] and for high-volume volcanism such as in the East African rift system [10, 11] . A more common kind of continental-rift volcanism, however, involves low-volume, scattered, sporadic eruptions [12] . With rift locations determined by pre-existing zones of weakness in the lithosphere [13, 14] , it is improbable that deep-mantle plumes happen to occur beneath every or even most of the numerous continental-rift zones around www.elsevier.com/locate/epsl the world. In this paper we consider seismic constraints on flow in the mantle beneath the Baikal Rift Zone and argue that it is sub-horizontal asthenospheric flow that may give rise to volcanism in this and perhaps many other rift areas. The Baikal Rift Zone is located at the boundary of the stable Siberian Platform and deforming Baikal-Sayan fold belt (Fig. 1 ). Late Cenozoic (30) (31) (32) (33) (34) (35) Ma to present) rifting has been accompanied by sporadic basaltic eruptions, with volcanic sites scattered within and around the rift zone [15] . The cause of the rifting has been attributed to the farfield stress associated with the India-Eurasia collision [16] . Occurrence of a deep-mantle plume beneath the rift zone has also been proposed, both as a contributor to the driving forces of the extension (e.g., [17] ) and as a supplier of the OIB-like basalts [18, 19] .
Crustal extension across Lake Baikal is currently 4 ± 1 mm/yr, with more extension occurring to the South [21] (Fig. 1b) . Estimates of the amount of total extension across the rift range from ≥10 km to 30-40 km [23, 24] . The heat flow in the rift zone is only moderately elevated [25] . A hot, large-scale asthenospheric upwelling has been proposed to occur, eroding the lithosphere to crustal thickness below the rift [24] , but the lack of widespread melting of the lower crust as well as xenolith evidence are at odds with the presence of such an upwelling [26] .
Baikal-Rift tectonics and volcanism have no apparent relation to each other, which suggests that the scale and spatial distribution of volcanic activity are controlled by sublithospheric processes [15] . Convection modeling has produced a variety of plausible patterns of asthenospheric flow below rifts, shaped both by large-scale currents andin particular for craton-bounded rifts-by small-scale convection [10, [27] [28] [29] . In order to map the actual mantle flow, observational constraints are needed. Such constraints can be inferred from measurements of seismic anisotropy; because interpretation of these measurements can be nonunique [30] it is useful to combine different types of observations when possible. Fig. 1 . Surface deformation in Central and Eastern Asia (a) and in the Lake Baikal area (b). GPS-derived velocities are taken from Wang et al. [20] and Calais et al. [21] and plotted with respect to stable Eurasia as defined in [21] . Of the numerous East-Asia-wide measurements (a) we plot only selected, representative ones for clarity. Of the Baikal-Mongolia measurements (b) we plot the most accurate ones that were selected for plotting in [21] . National borders are drawn in gray. Locations of the major Cenozoic volcanic fields (shown in red, b) and of major faults outside Lake Baikal are taken from [22] . Fig. 2 . Shear-wave splitting measurements from [34, 35] , plotted with lines parallel to the fast polarization direction. Line lengths are proportional to the splitting; the locations of the stations are shown with circles. National borders are drawn with gray lines. Data from the two stations shown as triangles has been used in the interstation dispersion analysis in this study.
Morgan and Morgan [31] proposed that some of the Cenozoic intraplate volcanism in East Asia is due to a horizontal sublithospheric flow driven by the draining of asthenosphere at Western Pacific subduction zones: subducting slabs drag down a thin layer of asthenosphere; the lost asthenosphere is replaced by means of sublithospheric flow from beneath Asia; in locations where the flow rises (e.g., from beneath thicker continental towards thinner marginal-basin lithosphere) pressure-release melting and volcanism occur. If only enriched "plums" (of the "plum pudding" geochemical mantle model [32, 33] ) melt, then the resulting volcanism can be very similar to that observed at hotspots.
Here we present seismic evidence for sub-horizontal asthenospheric flow that we suggest has caused lateCenozoic volcanism in the Baikal Rift region. Combining previously published shear-wave splitting measurements, a new shear-speed tomographic model, and a new radially anisotropic shear-velocity profile measured beneath and SE of the rift, we infer that the asthenosphere is flowing perpendicular to the rift from beneath the thick Siberian towards the thin Baikal-Mongolian lithosphere and argue that this is causing the sporadic volcanism observed.
Azimuthal anisotropy: evidence from shear-wave splitting
A remarkable result of a major seismic experiment in the Baikal Rift area [34, 35] was that fast directions of Fig. 3 . Horizontal cross-sections through the Asian part of the global tomographic model [36] . The depths and limits of the color scales are given next to the frames. The reference model is the (3-D) CRUST2.0 in the crust and a (1-D) AK135 [38] in the mantle. AK135 was recomputed at a reference period of 50 s and slowed down by 70 m/s in the transition zone. Circles show seismicity at each of the depths [39] . The yellow rectangle is around the Lake Baikal region. azimuthally anisotropic S waves (measured from SKS splitting) were consistently perpendicular to the rift on both of its sides (with the exception of the rift-parallel measurements in the immediate vicinity of the rift axis) (Fig. 2) . This has been interpreted as evidence for a mantle flow beneath the rift similar to that beneath mid-ocean ridges (MOR), with asthenosphere rising vertically beneath the rift axis and then diverging horizontally beneath the lithosphere, in the NW and SE directions away from the axis [34] . The shear-wave splitting observations are, of course, equally consistent with flow in the same NW-to-SE direction on both sides of the rift.
South of the rift, fast anisotropic directions are consistent with (parallel or close to parallel to) GPS-derived velocities of the surface with respect to stable Eurasia (Figs. 1b and 2). GPS measurements show present-day motion, whereas seismic anisotropy in the mantle is related to finite strain accumulated over a period of time [30] . For anisotropy in the asthenosphere, the agreement between the two types of measurement is consistent with the lithosphere-asthenosphere relative motion having been perpendicular to the rift axis for a large portion of the rifting period. North of the rift, the Siberian Platform is stationary in the stable-Eurasia reference frame; the pattern of anisotropy is the same on the north and south sides of the axis. A few hundred kilometers SE of the rift, both fast anisotropic directions and GPS-derived velocities change to approximately W-E.
Upper-mantle heterogeneity
Seismic tomography can offer constraints on the structure of the lithosphere beneath the region. We consider a global shear-speed model [36] that was derived by means of automated multimode inversion (AMI) of waveforms of surface waves and of regional S and multiple-S waves [37] . Combined sensitivities of the different types of waves yield resolution from the surface down to the bottom of the mantle transition zone (660-km depth).
The background model used in the tomographic inversion is three-dimensional (3-D) in the crust, with the reference crustal structure provided by CRUST2.0 (http:// mahi.ucsd.edu/Gabi/rem.html); lateral shear-speed variations at 35-km depth (Fig. 3a) are given with respect to CRUST2.0 where the Moho depth exceeds 35 km and with respect to AK135 [38] elsewhere. The tomographic model shows clear contrasts across tectonic boundaries, including subduction zones as well as the Baikal Rift. The contrast between the high velocities within the lithosphere of the Siberian Platform and low velocities beneath BaikalMongolia is even more pronounced at 110 km depth (in the mantle our background model is a one-dimensional (1-D) depth profile). The seismically fast Siberian lithosphere is observed down to ∼200 km depth. In the transition zone (Fig. 3d) wavespeeds beneath the Baikal region are relatively low, with the lowest values north of the rift. The lateral and vertical extent of the Siberian-Platform lithosphere inferred from our tomography is consistent with inferences from other high-resolution models constrained with surface waves (e.g., [40] ); the low-velocity anomaly in the transition zone has been observed in P-velocity [41] and S-velocity [42] regional studies.
Radially anisotropic structure: evidence from interstation dispersion
To derive additional constraints on structure southeast of the Baikal Rift, we perform interstation measurements using a pair of stations of the Global Seismographic Network: the station in Talaya (TLY) near the SW tip of the Lake Baikal (approximately on the rift axis) and the station in Ulaanbaatar (ULN) in Mongolia (Figs. 2 and 4) . The advantage of two-station measurements compared to source-station ones used in large-scale tomography (Section 3) is that they allow one to utilize structural information from fundamental-mode surface waves in broader frequency bands. Surface waves at different periods are sensitive to elastic properties in different depth ranges; measuring Rayleigh-and Love-wave dispersion over broad frequency bands (e.g., in a period range of 10-300 s) enables one to resolve trade-offs between model parameters in the crust and in the upper mantle, both isotropic and radially anisotropic. Another advantage of interstation analysis is that when phase-velocity curves are inverted for a shearvelocity profile the inverse problem is small and welldetermined and the trade-offs between structural parameters can be explored with a series of simple tests.
Measurement of dispersion curves
We first measured phase velocities of the fundamentalmode Rayleigh and Love waves by cross-correlating vertical-and transverse-component seismograms from the two stations, as described elsewhere [43] . We also measured average phase velocities between sources and stations by means of waveform inversion with AMI [37] , and for each pair of successful measurements (same event, both stations) we calculated phase velocities between the two stations. Because AMI synthesizes complete seismograms, fundamental-mode dispersion could be measured even when the mode interfered with energetic S waves. Due to effects of seismic-wave diffraction some of the automatically measured curves were unrealistically rough. In an interactive curve-selection procedure, we rejected about a quarter (bumpy ones and obvious outliers). In Fig. 5a the discarded curves are shown in pale colors selected ones-in bright colors.
The average Rayleigh-and Love-wave phase-velocity curves and their standard deviations were derived from cross-correlation measurements on records from 407 and 168 events, respectively, and from AMI measurements on records from 177 and 84 events. The curves obtained with the two methods overlap over most of their frequency bands and are remarkably consistent (Fig. 5b) . Each of the methods performs better than the other at some frequencies, with the cross-correlation, "station-station" technique providing the highest-frequency measurements and the waveform-inversion, "source-station" technique supplying lowest-frequency Love-wave measurements. The combined Rayleigh and Love phase-velocity curves have very wide frequency bands (period range 8-340 s) and small uncertainties, especially at higher frequencies.
Radially-anisotropic shear-velocity profile
We invert the Rayleigh-and Love-wave phasevelocity curves for profiles of vertically and horizontally polarized shear speeds V sv and V sh , respectively (Fig. 6) . The inversion is performed by means of non-linear optimization from the MATLAB toolkit. Synthetic phase velocities are recomputed exactly for every perturbed shear-speed profile during the gradient search. Compressional velocity V p has a relatively small but not negligible effect on Rayleigh-wave phase velocity; perturbations in V p were assumed isotropic and coupled to the perturbations in isotropic-average shear speed as [43] . Reference curves shown were computed for PREM [44] . δV p (m/s) ≡ δV s (m/s) (the main results discussed below do not change if different reasonable coupling definitions are assumed or if no perturbations in V p are allowed).
The depth to the Moho (crust-mantle interface) was one of the parameters of the inversion. The best-fitting value is in the 45-50 km range, in agreement with published receiver-function measurements [45, 46] .
Our preferred model (Fig. 6 ) was obtained with moderate damping both on isotropic anomalies and on the amount of radial anisotropy. The following features of the model are robust (constrained by the data and not affected by our choice of parameterization and damping). The thin lithosphere south of the rift extends down to 60-70 km depth and is underlain by a pronounced low-velocity zone, which we interpret to be the low-viscosity asthenosphere. The lower crust, mantle lithosphere, and upper asthenosphere down to 100-110 km are required to be radially anisotropic, V sh being 3-4% larger than V sv . No anisotropy is required below 100 km. In the mantle transition zone (410-660 km depth) shear velocity is ∼2% lower than in AK135.
That these features are required by the data was verified by series of tests in which we tried-unsuccessfully-to match the measurements using models with the features absent. We also tested what anomalies can be consistent with the data while not required by it. In the tests shown in Fig. 7 , we tried to force into the models radial anisotropy with first V sh b V sv and then V sh N V sv . Using gradient searches with damping, we looked for models as consistent as possible with the a priori chosen patterns of radial anisotropy (V sh = V sv − 0.2 km/s at all depths and V sh = V sv +0.2 km/s at all depths) while also consistent with the measured dispersion curves within error bars. The results show, for example, that radial anisotropy at transition-zone depths is poorly constrained: the models are not inconsistent with the data with either V sh b V sv or V sh N V sv . (The reasons for this are that the Love-wave sensitivity even at longest of our measurement periods weakens by the transition-zone depth and that our error bars at longest periods are relatively large.) In contrast, structure in the upper 150 km changes little in these and other tests, which confirms that it is tightly constrained by the data.
Seismic structure and mantle flow
Fast azimuthal-anisotropy directions inferred from shear-wave splitting [34] are consistent with asthenospheric flow perpendicular to the Baikal Rift (Fig. 2) . The interpretation is non-unique: the depth interval of the detected anisotropy is unknown and, if the anisotropy is due to asthenospheric flow, the direction of the flow is ambiguous (either NW or SE). We argue that seismological and other observations can be explained by a model in which asthenosphere flows from beneath the Siberian Platform, NW-to-SE across the rift (Fig. 8) .
The cratonic lithosphere of the Siberian Platform is likely to have been stable for billions of years, due to its high viscosity, yield strength and compositional buoyancy [48] . Substantial strain within it at present or in the recent past is unlikely. The boundary of the cratonic lithosphere in the mantle thus forms a barrier for convective flow that extends from the surface down to 200 km depth. The presence of such a barrier just NW of the rift renders unlikely MOR-type mantle flow.
Shear-wave splitting observed on the Siberian Platform probably originates either from frozen anisotropy within the lithosphere or from anisotropy in the asthenosphere beneath it [34] . Frozen lithospheric anisotropy cannot be ruled out on the basis of our observational evidence. It would have to have formed, however, in ancient times and if it was responsible for the observed splitting then the fact that the fast anisotropic directions NW and SE of the rift are identical would have to be a coincidence. We suggest that it is more likely that the observed shear-wave splitting is related to current and recent strain within the asthenosphere beneath the Siberian Platform.
Southeast of the rift axis, the lithosphere is thin (60-70 km), in contrast with estimates in most previous studies (e.g., [49, 41] ). Surface-wave observations require strong radial anisotropy within the lithosphere and upper asthenosphere down to 100 km depth. Within the deforming lithosphere, the anisotropy can be attributed both to present-day deformation and to frozen structure [30, 50, 51] . In the asthenosphere, the ∼3% detected radial anisotropy is probably caused by strain associated with recent horizontal flow.
GPS-derived surface velocities southeast of the rift correlate with fast directions of anisotropy inferred from shear-wave splitting (Figs. 1b and 2 ). Such correlation is absent in some other locations in the deforming Central and Eastern Asia; this has been interpreted as an indication that the anisotropy sampled by SKS waves is primarily within the lithosphere rather than asthenosphere [50, 51] . Fast directions of seismic anisotropy in the asthenosphere, however, cannot be expected to always be parallel to the current direction of the relative lithosphere-asthenosphere motion: they depend on the history of the flow [52] . Given the complex, evolving pattern of rotation of lithospheric blocks near the IndiaEurasia suture, it is to be expected that anisotropic fast directions do not necessarily coincide with surface velocities. Moreover, asthenosphere itself cannot be assumed stationary or disturbed only by the drag from the lithosphere above. It may be stirred by the relative motion of thicker and thinner lithospheric blocks, pushed by mantle upwellings [10] , or pulled towards downwellings [31, 47] .
Possible causes for the rift-perpendicular, NW-to-SE asthenospheric flow in the Baikal region include the drag from the Baikal-Mongolia lithosphere above and the pressure gradient due to draining of asthenosphere at the Western Pacific subduction zones (Fig. 1) . Both scenarios are feasible and consistent with observed anisotropy. In the former, the lithospheric extension of a few tens of kilometers across the rift zone [23, 24] produces sufficient strain in the asthenospheric layer a few tens of kilometers thick to cause strong anisotropy [30] . In the latter, asthenosphere is pulled SE towards the Western Pacific subduction zones: both the upper (cold) and the lower (hot) sides of slabs drag down a layer of asthenosphere at least a few kilometers thick [47] , and the lost asthenosphere is likely to be replaced by flow from beneath Eurasia [31] . The rate of this flow can be greater than the rate of extension across Baikal, implying that drag from asthenosphere may be one of the driving forces of the lithospheric extension.
Volcanism in the Baikal region is low-volume, scattered, and sporadic, with the erupted basalts enriched in incompatible elements [15, 18, 19] . Such volcanism can be produced by melting of enriched "plums" in the asthenosphere beneath the rift area. Small-scale chemical heterogeneities have long been suggested to be ubiquitous in the mantle [32, 33, [53] [54] [55] [56] . Morgan and Morgan [33] have proposed "two-stage melting" to be the basis of the mantle plum-pudding recipe: plume upwellings first melt a small amount at a 100-200 km depth; "plums" are easier to melt, and a large proportion of the incompatible elements goes into the melt which forms enriched OIB; when the depleted leftovers melt again at 20-75 km depth beneath mid-ocean ridges, depleted MORB is produced.
This mantle plum-pudding recipe [33] implies that asthenosphere beneath 200-km thick cratonic lithosphere may consist of or include material that has not yet undergone the first-stage melting because it had not reached a shallow enough depth. It still contains the enriched "plums" and if it flows from beneath the craton towards the rift and ascends along the bottom of the thinning lithosphere, the "plums" will melt, producing sporadic eruptions of enriched basalts.
In the model of Morgan and Morgan [33] , material with enriched veins is brought into the upper mantle by upwellings from the lower mantle (plumes). Shallower origins for small-scale chemical heterogeneity in the upper mantle have also been proposed [29, 57, 56] . Our model (sub-horizontal flow towards rifts resulting in sporadic volcanism) may be compatible with different origins of chemical heterogeneity in the asthenosphere. The flow from beneath thick lithosphere towards rifts is only one element in the complex system of global mantle convection, although one of particular interest because, as In an alternative scenario with asthenospheric flow due to a pressure gradient (e.g., pull towards Western Pacific subduction zones where asthenosphere is entrained by subducting slabs and lost to deep mantle [31, 47] ), the velocity of the asthenosphere can be greater than the velocity of the lithosphere.
we propose, it gives rise to rift-zone volcanism observed at the surface.
Conclusions
The location of the Baikal Rift Zone above the transition from thick Siberian to thin Mongolian lithosphere, the consistent rift-normal pattern of fast directions of azimuthal anisotropy on both sides of the rift, the presence of strong anisotropy within the upper asthenosphere beneath Baikal-Mongolia, and the occurrence of scattered, hotspot-like volcanism in the vicinity of the rift suggest that the flow of asthenosphere is normal to the rift and that its rise from under the Siberian craton causes decompression melting and results in the basaltic volcanism observed.
This mechanism may not be unique to Baikal. Continental rifts, especially those near cratonic boundaries, are locations where sublithospheric flow can move mantle rock from 150-200 km to shallower (b 100 km) depths. Subcratonic asthenosphere can contain veins of enriched mantle [33, 56] . We suggest that the flow from beneath cratons and the resulting decompression melting of these veins is the cause of sporadic volcanism in many continental rift zones worldwide.
